Introduction {#sec1}
============

Antiphospholipid antibodies are autoantibodies that have been reported to increase a woman's risk of developing preeclampsia, a human pregnancy specific disorder, up to 10-fold \[[@B1]\]. These antibodies also cause recurrent miscarriage and stillbirth \[[@B2]\]. However, the underlying mechanisms by which these autoantibodies contribute to the pathologies of pregnancy diseases are still not fully understood. During pregnancy, large quantities of placental extracellular vesicles (EVs) are extruded from placental syncytiotrophoblast into the maternal circulation \[[@B3],[@B4]\]. These EVs contain proteins and nucleic acids and can transfer their cargo to recipient cells/tissues and affect the function of those recipient cells \[[@B5]\]. We have previously shown that antiphospholipid antibodies are internalized into the syncytiotrophoblast resulting in the production of toxic EVs \[[@B9]\]. We do not understand how antiphospholipid antibodies induce the production of toxic EVs. However, we have previously shown that once internalized into the syncytiotrophoblast, the antibodies interacted with both mitochondria and unidentified intracellular vesicular structures to consequently alter the proteome of extruded EVs \[[@B10]\]. Whether there is a relationship between these intracellular vesicles and the increased extrusion of EVs in response to antiphospholipid antibodies is not known. Mitochondria are involved in controlling cell death and coordinate and communicate with the endoplasmic reticulum. Increased levels of heat shock protein 70 (HSP70) (also known as GRP78 or HSP5A), a marker of endoplasmic reticulum stress were reported in placentae from women with preeclampsia \[[@B11]\] as well as, in the circulation of women with preeclampsia \[[@B12]\]. We have also recently shown that aggregated transthyretin is specifically increased in EVs released from placentae of women with preeclampsia \[[@B13]\]. Protein aggregation, due to misfolding, is another feature of endoplasmic reticulum stress. Increased endoplasmic reticulum stress may also result from the production of pro-inflammatory molecules, such as TNF-a \[[@B14],[@B15]\]. We have previously showed that TNF-a induced the production of toxic placental EVs, consequently induced maternal endothelial cell activation.

Since the syncytiotrophoblast is a single multinucleated cell that covers the entire placenta, its death would likely result in loss of the pregnancy and the production of dangerous/toxic EVs by the syncytiotrophoblast has been suggested to be a mechanism that allows this massive cell to eliminate toxins. We hypothesized that production of toxic placental EVs induced by antiphospholipid antibodies due to a change in the pathways associated with EV biogenesis in the syncytiotrophoblast.

Methods {#sec2}
=======

This investigation received the approval of the Northern X Health and Disabilities Ethics Committee, New Zealand (NTX/12/06/057/AM06) and conforms to the principles outlined in the Declaration of Helsinki. All patient-derived tissues were obtained following written informed consent.

Collection of placentae {#sec2-1}
-----------------------

First trimester placentae (total *n* = 45) were collected from elective surgical terminations of on-going pregnancies ranging from 8 to 12 weeks of gestation from Epsom Day Unit, Auckland City Hospital. The placenta from a woman with Antiphospholipid Syndrome and a healthy term placenta were collected from National Women's Health, Auckland City Hospital, New Zealand.

Antiphospholipid and control antibodies {#sec2-2}
---------------------------------------

The murine monoclonal antiphospholipid antibodies, ID2 and IIC5, were produced in our laboratory. The hybridomas were cultured and the monoclonal antibodies purified on HiTrap Protein G columns (GE Healthcare) as previously described \[[@B16]\]. These monoclonal antiphospholipid antibodies have been extensively characterized and have anticardiolipin, anti β~2~GPI and lupus anticoagulant activities, and are thus triple positive antiphospholipid antibodies \[[@B10]\]. A murine monoclonal IgG1 isotype antibody (Life Technologies, Auckland) was used as isotype-matched treatment control antibody in experiments involving ID2 and IIC5. The concentration of ID2 or IIC5 or antibody control IgG used in the present study was 25 μg/ml. This level of antiphospholipid antibodies in a patient would be considered to be a low positive \[[@B17]\].

Culture of placental explants and preparation of placental EVs {#sec2-3}
--------------------------------------------------------------

Placental explants (approximately 400 mg) collected from elective surgical terminations (intrauterine suction) were dissected and cultured in Netwell™ culture inserts (400 μm mesh) in 12-well culture plates (tissue culture treated, Corning) for 18 h at 37°C in Advanced DMEM/F12 containing 2% FBS in an ambient oxygen atmosphere containing 5% CO~2~, in the presence or absence of ID2 or IIC5 or IgG as described previously \[[@B18]\]. In some experiments, placental explants were cultured with ID2 or IIC5 or IgG in the presence of the caspase 8 Inhibitor (Z-IETD-FMK) (10 ng/ml) or the MLKL inhibitor, necrosulfonamide (NSA) (1 μM). After 18 h, the Netwell™ inserts (containing the explants) were then removed and the tissues were collected and stored at −20°C. Half of the tissue was used for staining and half of the issue was lysed with RIPA buffer (50 mM Tris, 150 mM NaCl, 1% sodium deoxycholate, 0.1% SDS, 1% Nonident P40 substitute, protease inhibitor and 1 mM phenylmethanesulfonylfluoride) for Western blotting.

The conditioned media from above cultures were aspirated and macrovesicles were removed by centrifuging at 2000 ***g*** for 5 min. The supernatant was then centrifuged at 20,000 ***g*** for 1 h for collection of micro-EVs. The supernatant was further centrifuged at 100,000 ***g*** for 1 h for collection of nano-EVs (Avanti J30I Ultracentrifuge, JA 30.50 fixed angle rotor, Beckman Coulter, New Zealand).

Measurement of caspase 8 activity {#sec2-4}
---------------------------------

The activity of caspase 8 in placental explants that had been treated with ID2 or IIC5 or IgG was measured by Fluorescent FLICA kit according to the manufacturer's instructions (Bio-Rad, Auckland).

Measurement of soluble TNF-α and CD95 in conditioned media {#sec2-5}
----------------------------------------------------------

The levels of TNF-α and CD95 (Fas-ligand) in conditioned media from first placental explants that had been treated with ID2 or IIC5 or IgG were measured by ELISA according to the manufacturer\'s instructions (R & D, New Zealand). All the samples were examined in duplicate and the investigators were not blinded to the treatment. The coefficient of variation (CV%) for the ELISAs measuring TNF-α or CD95 was less than 10%.

Measurement of misfolded proteins {#sec2-6}
---------------------------------

Misfolded proteins in placental explants that had been treated with ID2 or IIC5 or IgG were measured using the fluorescent compound, Thioflavin-T (ThT), which has been suggested to use for detection endoplasmic reticulum stress (Sigma-Aldrich, Australia) as described previously \[[@B21]\]. Briefly, frozen placental explants were sectioned and fixed with 4% paraformaldehyde (PFA) for 5 min in room temperature and washed with PBS. Sections were then stained with ThT (500 μM) for 3 min at room temperature. After PBS washing, sections were then counter-stained with DAPI for 1 min. In some experiments, a term placenta from a woman with Antiphospholipid Antibody Syndrome and a healthy term placenta were collected and sectioned. Sections were then also stained with ThT. The sections were then examined by fluorescent microscope under the same setting (Nikon, ECLISPE Ni-E motorized fluorescent microscope Japan). Placental explants that were treated with Thapsigargin (1 μM) were used as positive control for endoplasmic reticulum stress \[[@B22]\]

Misfolded proteins in EVs collected from placental explant cultures described above were stained with ThT (5 μM) for 10 min and read in a fluorescent plate reader at 485 nm (Synergie 2, BioTek, Auckland, New Zealand), following a previous report \[[@B21]\].

Measurement of HSP 70 and MLKL by Western blotting {#sec2-7}
--------------------------------------------------

The relative levels of HSP70 and Mixed Lineage Kinase domain-Like (MLKL) in placental explants or in placental EVs from first trimester placental explants that had been treated with ID2 or IIC5 were measured by Western blotting. Proteins from placental explants or placental EVs were extracted with RIPA buffer and all samples (20 μg of total protein) were loaded on 10% SDS-PAGE gels and electrophoresed then transferred to nitrocellulose membranes. Non-specific binding was blocked by incubating membranes in 3% BSA in PBST for 1 h at room temperature and then membranes were incubated with rabbit polyclonal anti human HSP70 (Abcam, Auckland, 1: 250) or MLKL antibody (ThermoFisher, Auckland, 1:250) in blocking solution for 2 h at room temperature. After washing with PBS-T three times, the membranes were incubated with goat anti rabbit secondary antibody (1:2000) for 1 h at room temperature. After washing with PBS-T, the membranes were incubated with Amersham™ ECL™ Prime Western blotting detection reagent. Chemiluminescence of the membranes was detected by Image Quant LAS3000.

Protein levels of HSP70 and MLKL were analyzed relative to the β-actin loading control. β-Actin was detected on the same membranes as follows. Membranes were stripped with stripping buffer (62.5 mM Tris-Hcl, pH 6.7, 2%SDS and 100 mM 2ME) at 50°C for 30 min then non-specific binding was blocked by incubation in blocking solution for 1 h. Then, the membranes were incubated with mouse anti-human β-actin (1:5000, Abcam, Sapphire Biosciences, Sydney) for 1 h at room temperature. After washing three times with PBST the membranes were incubated with HRP-conjugated goat anti-mouse antibody (1:5000, Jackson Immunoresearch Laboratories, Pennsylvania) for 1 h at room temperature. After washing with PBST, the membranes were incubated with Amersham™ ECL™ Prime Western blotting detection reagent. Chemiluminescence from the membranes was detected using an Image Quant LAS3000 (ThermoFisher, Auckland).

Statistical analysis {#sec2-8}
--------------------

The levels of TNF-α or CD95 and the concentration of micro-EVs or nano-EVs were expressed as median and range. The statistical significance in the levels of TNF-α or CD95 and fluorescent intensity of Th T in placental EVs were assessed with Mann--Whitney test or a Kruskal--Wallis test (ANOVA) as appropriate using Prism software package. Analysis of the semi-quantification of Western blots was employed a Mann--Whitney *U* test using the Prism software package. All the experiments were repeated at least three times. *P* \< 0.05 was considered as statistically significant.

Results {#sec3}
=======

The levels of HSP70 were significantly increased in placental explants and placental EVs following treatment with antiphospholipid antibodies {#sec3-1}
---------------------------------------------------------------------------------------------------------------------------------------------

To investigate if antiphospholipid antibodies are one of the factors that lead to increased endoplasmic reticulum stress in preeclampsia, we measured the levels of HSP 70, a sensor of endoplasmic reticulum stress in placental explants that had been treated with antiphospholipid antibodies. Compared with control IgG-treated or untreated explants, the levels of HSP70 were significantly increased in placental explants that had been treated with either ID2 or IIC5 ([Figure 1](#F1){ref-type="fig"}A,B, *P* = 0.02 or *P* = 0.03, respectively; *n* = 7). In addition, the levels of HSP70 in micro-EVs or nano-EVs from placental explants that had been treated with either ID2 or IIC5 were significantly (*P* \< 0.028) increased compared with EVs from control IgG-treated explants ([Figure 1](#F1){ref-type="fig"}C,D).

![The increased levels of HSP70 in placental explants or placental EVs follwoing treatment with antiphospholipid antibbodies\
(**A**) Representative Western blot of placental explants that had been treated with ID2, IIC5 or control isotype-matched IgG or an untreated explant probed with an antibody recognising HSP70. (**B**) Graph showing the semi-quantitative analysis of the Western blots for HSP70 in treated placental explants following normalization to the levels of β-actin (*n* = 7). (**C**) Representative Western blot of EVs from placental explants that had been treated with ID2, IIC5 or control isotype-matched IgG or an untreated explant. (**D**) Semi-quantitative analysis of the Western blots in C after normalization to levels of β-actin (*n* = 3). Data show median and range.](cs-134-cs20191245-g1){#F1}

Antiphospholipid antibodies induced the production of misfolded proteins in placental explants and EVs extruded from placental explants {#sec3-2}
---------------------------------------------------------------------------------------------------------------------------------------

We then measured the misfolded proteins in placental explants that had been treated with ID2 or IIC5 using the fluorescent compound, Thioflavin T (ThT), which has been suggested to use for detection endoplasmic reticulum stress \[[@B21]\]. Compared with control IgG treated or untreated explants, enhanced ThT fluorescent density (green) was detected in placentae that had been treated with either ID2 or IIC5 ([Figure 2](#F2){ref-type="fig"}A--D). We also measured the levels of misfolded proteins in EVs collected from placental explants that had been treated with ID2 or IIC5 or control IgG. The fluorescent intensity was significantly increased in both micro-EVs ([Figure 2](#F2){ref-type="fig"}H, *P* = 0.028) and nano-EVs ([Figure 2](#F2){ref-type="fig"}I, *P* = 0.026) from ID2 or IIC5-treated placental explants, compared with control IgG-treated or untreated explants.

![The increased levels of misfolded proteins in placental explants and placental EVs following treatment with antiphospholipid antibodies\
Representative ThT staining images of thin sections of placental explants showing that the levels of misfolded proteins (green) were increased in placentae that had been treated with ID2 (**A**) or IIC5 (**B**), compared with isotype-matched control IgG (**C**) or untreated (**D**) (*n* = 4). (**E**) ThT staining images of thin sections of a placenta from a woman with antiphospholipid antibody syndrome or (**F**) a healthy term placenta. (**G**) first trimester placental explants was treated with Thapsigargin (1 μM) as positive control of ER stress. Magnification bar = 50 μm. (**H** and **I**) ThT fluorescent intensity analysis showing significantly increased fluorescent intensity in EVs collected from placental explants that had been treated with either ID2 or IIC5, compared with an isotype-matched control IgG or untreated explants (*n* = 4). Data show median and range.](cs-134-cs20191245-g2){#F2}

To confirm this effect of antiphospholipid antibodies on increased endoplasmic reticulum stress was not just an *in vitro* effect, we also demonstrated increased misfolded proteins in the placenta from a woman with obstetric antiphospholipid antibody syndrome ([Figure 2](#F2){ref-type="fig"}E), compared with a healthy term placenta ([Figure 2F](#F2){ref-type="fig"}).

Antiphospholipid antibodies increased the production of TNF-α by placental explants {#sec3-3}
-----------------------------------------------------------------------------------

Since previous studies have linked endoplasmic reticulum stress with increased production of TNF-α \[[@B14],[@B15]\], we measured the levels of TNF-α and Fas-ligand (CD95L) in the conditioned media from placental explants that had been treated with antiphospholipid antibodies. The levels of TNF-α were significantly increased in conditioned medium from placental explants that had been treated with either ID 2 or IIC5, compared with control IgG-treated or untreated explants ([Figure 3](#F3){ref-type="fig"}A, *P* = 0.012 or *P* = 0.015, respectively). However, the levels of Fas-ligand (CD95) were not changed in the conditioned medium among the groups ([Figure 3](#F3){ref-type="fig"}B, *P* = 0.853, ANOVA).

![Increased levels of TNF-α in placental explant cultures following treatment with antiphospholipid antibodies\
The levels of (**A**) TNF-α, but not (**B**) Fas-ligand were significantly increased in conditioned medium from placental explants that had been treated with either ID 2 or IIC5, compared with isotype-matched control IgG-treated or untreated explants. Data show median and range.](cs-134-cs20191245-g3){#F3}

The activity of caspase 8 was increased in placentae that had been treated with antiphospholipid antibodies {#sec3-4}
-----------------------------------------------------------------------------------------------------------

Since TNF-α can activate the extrinsic apoptosis pathway via caspase 8, we then investigated whether there was an increase in caspase 8 activity in the syncytiotrophoblast of placental explants that had been treated with antiphospholipid antibodies. The activity of caspase 8 was increased in placental explants that had been treated with ID2 or IIC5, compared with explants that had been treated with control IgG or that were untreated ([Figure 4](#F4){ref-type="fig"}). Blocking the activity of caspase 8 in antiphospholipid antibody (ID2 or IIC5)-treated placental explants resulted in the reversal of the increase in the levels of HSP 70 ([Figure 5](#F5){ref-type="fig"}A,B) and protein misfolding as measured by ThT fluorescent density ([Figure 5](#F5){ref-type="fig"}C).

![Increased activity of caspase 8 in placental explants following treatment with antiphospholipid antibodies\
The activity of caspase 8 in placental explants that had been treated with ID2 (**A**) or IIC5 (**B**) was significantly increased, compared with treatment with isotype-matched control IgG (**C**) (*n* = 4). Magnification bar = 50 μm.](cs-134-cs20191245-g4){#F4}

![Caspase 8 activity involving in the increased levels of HSP70 and misfoled protiens in placental explants following treatment with antiphospholipid antibodies\
(**A**) Representative Western blot demonstrating that the levels of HSP70 were significantly reduced in placental explants that had been treated with either ID2 or IIC5 in the presence of caspase 8 inhibitor (In8). (**B**) These changes were measured by semi-quantitative analysis after normalising to levels of β-actin. Data show median and range. (**C**) The increased misfolded proteins in placental explants that had been treated with ID2 (a) or IIC5 (c), compared with treatment with isotype-matched control IgG (e), was reduced in the presence of caspase 8 inhibitor (b or d). Panel (f) is the treatment with isotype-matched control IgG in the presence of caspase 8 inhibitor (*n* = 4). Magnification bar = 50μm.](cs-134-cs20191245-g5){#F5}

The levels of MLKL, a protein involved in vesicle production and necroptosis, were increased in placental explants and EVs that had been treated with antiphospholipid antibodies {#sec3-5}
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

In addition to triggering apoptosis, endoplasmic reticulum stress-induced TNF-α can also trigger the necroptosis programmed cell death pathway via phosphorylation of the mixed lineage kinase domain-like protein (MLKL) \[[@B23],[@B24]\]. Consequently, we investigated the levels of MLKL in placental explants that had been treated with antiphospholipid antibodies and found that compared with either control IgG-treated or untreated explants, the levels of total MLKL in placental explants that had been treated with either ID2 or IIC5 were significantly increased ([Figure 6](#F6){ref-type="fig"}A,B). However, this treatment did not increase the levels of phospho-MLKL that is required for necroptosis ([Figure 6](#F6){ref-type="fig"}E). Paralleling the increase in cellular MLKL, the levels of total MLKL in micro-EVs and nano-EVs extruded from ID2 or IIC5 treated placental explants were also significantly ([Figure 6](#F6){ref-type="fig"}C,D, *P* \< 0.001) increased, compared with levels of MLKL in vesicles from control IgG treated explants ([Figure 6](#F6){ref-type="fig"}C,D).

![Increased levels of total MLKL in placental explants and placental EVs following treatment with antiphospholipid antibodies\
Representative Western blots demonstrating that the levels of total MLKL were significantly increased in placental explants (**A**) or in micro-EVs and nano-EVs (**C**) from placental explants that had been treated with ID2, IIC5, control isotype-matched IgG or an untreated explant. (**B** and **D**) Semi-quantitative analysis of the Western blots in (A) and (B) respectively, after normalization to levels of β-actin (*n* = 3). Data show median and range. (**E**) Representative Western blot demonstrating that the levels of phosphor-MLKL were not significantly altered in explants that had been treated with ID2, IIC5, control isotype-matched IgG or an untreated explant (n = 4).](cs-134-cs20191245-g6){#F6}

Discussion {#sec4}
==========

The human placenta is entirely covered by a unique single multinucleated cell, the syncytiotrophoblast that has a surface area of some 11--13 m^2^ in a normal pregnancy at term \[[@B25]\]. The syncytiotrophoblast functions to effect transfer between mother and the fetus and also to protect the placenta/fetus from the maternal immune system such that, having an intact syncytiotrophoblast is essential for human pregnancy. When a mononuclear cell is stressed, there are a number of mechanisms that the cell can call upon to cope with the stress. If these mechanisms fail, the cell can die \[[@B26]\] with little or no effect on the organ and indeed it is estimated that 10 billion cells must die daily to maintain homoeostasis in humans \[[@B27]\]. However, since it is a single cell, death of the syncytiotrophoblast would cause the loss of the pregnancy. It has previously been suggested that rather than dying, the syncytiotrophoblast extrudes damaged/stressed parts of the cell in EVs possibly using components of the machinery that would lead to death in other cells \[[@B28],[@B29]\]. Some mononuclear cells also employ EVs to remove dangerous material including misfolded proteins \[[@B30]\] or promoters of cell death from the cell \[[@B31]\]. The syncytiotrophoblast is bathed in maternal blood and produces vast quantities of EVs in normal pregnancy. These EVs are extruded directly into the maternal blood and target specific maternal organs \[[@B5],[@B6]\]. We have previously shown that EVs produced by the syncytiotrophoblast in normal pregnancies are tolerogenic to both immune and endothelial cells, but EVs from preeclamptic placentae are dangerous/toxic and activate endothelial cells \[[@B32]\]. We hypothesize this change in the nature of the EVs may be due to a shift in the pathways associated with EV biogenesis in the syncytiotrophoblast.

Antiphospholipid antibodies enter the syncytiotrophoblast in a receptor-mediated, antigen-dependent fashion and we have previously shown that this process does not involve Fc receptors \[[@B9]\]. Once internalized into the syncytiotrophoblast antiphospholipid antibodies associate with both mitochondria and, as yet, unidentified vesicular structures \[[@B9],[@B10]\]. The antibodies then induce the extrusion of increased numbers of dangerous/toxic EVs that cause the activation of maternal endothelial cells \[[@B36]\]. This suggests that the antibodies are inducing stress in the syncytiotrophoblast and here we show an increase in total misfolded proteins, as well as, an increase in HSP70 (as known as GRP 78 or HSP5A), a marker of endoplasmic reticulum stress, in placental explants that had been treated with antiphospholipid antibodies. Confirming that this is not just an *in vitro* effect, the placentae from women with Antiphospholipid Antibody Syndrome contained a substantially higher level of misfolded proteins than control placentae. Endoplasmic reticulum stress is characterized by the misfolding of proteins in the endoplasmic reticulum and a physiologic response called the unfolded protein response \[[@B37],[@B38]\]. Thus, it seems that one mechanism by which antiphospholipid antibodies affect placental function is by increasing endoplasmic reticulum stress in the syncytiotrophoblast. Since antiphospholipid antibodies are a major risk factor for a number of pregnancy complications, these findings fit with reports of increased endoplasmic reticulum stress in preeclamptic placentae \[[@B39]\]. In addition, the EVs extruded from placentae after treatment with antiphospholipid antibodies contained increased amounts of both total misfolded proteins and HSP70. These misfolded proteins are potentially toxic to the syncytiotrophoblast and, to avoid that toxicity, it appears they are packaged into EVs for removal. This seems likely to be a mechanism by which cellular homoeostasis is maintained in the stressed syncytiotrophoblast and is consistent with the finding that endoplasmic reticulum stress in BeWo (choriocarcinoma) cells as well as, other non-placental cells resulted in the extrusion of an increased number of EVs that were dangerous/toxic \[[@B30],[@B40]\]. While removal of misfolded proteins via EVs may protect the stressed syncytiotrophoblast, these misfolded proteins are potentially toxic to the maternal cells that are the targets of the placental EVs.

Due to their interaction with mitochondria \[[@B10]\], we anticipated that treating placental explants with antiphospholipid antibodies would increase the activation of caspase 9 and that did occur (unpublished). Unexpectedly, we also saw an increase in the activity of caspase 8 which is usually triggered via the actions of TNF-α or similar molecules. In other cells, endoplasmic reticulum stress has been shown to induce the production of TNF-α which then acts in an autocrine fashion to activate caspase 8 \[[@B41]\]. We demonstrated a similar increase in TNF-α secretion by the syncytiotrophoblast following treatment with antiphospholipid antibodies. However, activation of caspase 8 cannot lead to apoptotic death of the entire syncytiotrophoblast and instead we believe it contributed to the extrusion of toxic EVs and inhibiting the activity of caspase 8 reduced the amount of misfolded proteins and HSP70 in explants treated with antiphospholipid antibodies.

While caspase 8 is typically known for its role in the induction of apoptosis, this caspase also participates in other processes one of which is the balance between apoptosis and necroptosis \[[@B42]\]. Necroptosis is a relatively newly discovered pathway of regulated cell death. Cells dying via necroptosis swell and release danger signals that promote sterile inflammation. While necroptosis can be initiated by multiple ligands binding to death receptors, TNFα-mediated necroptosis is the most studied. TNFα binding to it receptor recruits the adaptor protein, Tumor necrosis factor Receptor type 1-Associated DEATH Domain (TRADD) and the Receptor Interacting Protein Kinase -1 (RIPK1). This death complex may then activate caspase 8-dependent apoptosis \[[@B43]\]. Alternatively, when caspase 8 is unavailable, RIPK1 can recruit and phosphorylate an additional kinase, RIPK3, which in turn phosphorylates the MLKL protein and these three proteins constitute the canonical necroptosome \[[@B43]\]. Phospho-MLKL forms multimers that bind to negatively charged phospholipids (including cardiolipin part of the antigen for antiphospholipid antibodies) and permeabilize the plasma membrane of cells leading to rupture of the cell \[[@B44],[@B45]\]. In a separate process, independent of phosphorylation by RIPK3, MLKL is involved in the trafficking of intracellular vesicles to the cell surface for release as exosomes \[[@B31],[@B46]\]. We found that after treatment of placental explants with antiphospholipid antibodies there was a significant increase in the amount of total, but not phosphorylated, MLKL in the explants, as well as, in both micro-EVs and micro-EVs extruded from the explants hinting at involvement of MLKL in the export of both micro-EVs and micro-EVs from the syncytiotrophoblast. Both RIPK1 and RIPK3 contain caspase 8 cleavage sites and it seems likely that, although total MLKL was increased in response to antiphospholipid antibodies, the concurrent increase in caspase 8 activity induced indirectly by antiphospholipid antibodies resulted in inactivation of RIPK1 and/or RIPK3 such that the necroptosis pathway was not activated. Despite the lack of phosphorylation, an accumulation of MLKL in the syncytiotrophoblast would pose a threat to the cell since, if caspase 8 was overwhelmed or inhibited, activation of a large pool of MLKL by the RIPKs would lead to necroptosis of the syncytiotrophoblast. Our observations suggest that the stress induced by antiphospholipid antibodies in the syncytiotrophoblast resulted in up-regulation of a second pathway related to cell death, in this case necroptosis, but instead of inducing the death of the syncytiotrophoblast there was increased export of EVs containing MLKL to reduce the potential harm from this protein.

The syncytiotrophoblast produces both micro-EVs and nano-EVs (exosomes are a subset of nano-EVs). While the biogenesis of exosomes is well studied, the processes leading to micro-EVs and non-exosomal nano-EV formation are not well known. It is generally assumed that micro-EVs are formed by the outward budding of the plasma membrane \[[@B3],[@B47]\]. It is also assumed that, due to their different origins, exosomes and micro-EVs will have different cargos. Here we show that both micro-EVs and nano-EVs are apparently being used to export harmful misfolded proteins as well as, the potentially harmful, MLKL from the syncytiotrophoblast. Thus, the stressed syncytiotrophoblast appears to be using multiple strategies, involving different EVs and export pathways, to protect itself.

If, following exposure to antiphospholipid antibodies, the syncytiotrophoblast is not functioning adequately because it is responding to endoplasmic reticulum stress, this may cause reduced nutrient/gas transfer across the placenta and lead to fetal growth restriction, one of the complications that occurs in women with Antiphospholipid antibody Syndrome \[[@B48]\]. In addition, the export of both micro-EVs and nano-EVs containing misfolded proteins may harm the maternal cells that take up these vesicles \[[@B5],[@B49]\]. We have previously shown that EVs from placentae treated with antiphospholipid antibodies contain increased amounts of various danger signals including mitochondrial DNA \[[@B50]\] and HMGB1 \[[@B51]\]. The increased load of misfolded proteins delivered to endothelial cells by EVs from antiphospholipid antibody-affected placentae may be an another factor that contributes to the endothelial cell activation that is a hallmark of preeclampsia, or in maternal organ damage.

Conclusion {#sec5}
==========

Here, we have shown that antiphospholipid antibodies induce endoplasmic reticulum stress and secretion of TNFα in the syncytiotrophoblast. The antibodies also induced caspase 8 activity and blocking this activity reduced endoplasmic reticulum stress suggesting an autocrine cycle involving caspase 8, TNFα and endoplasmic reticulum stress is induced by antiphospholipid antibodies in the syncytiotrophoblast. The antibodies also caused increased expression of MLKL which could has the potential to induce necroptotic cell death. The syncytiotrophoblast responded to these stresses by increasing the export of dangerous misfolded proteins and MLKL via both micro-EVs and nano-EVs ([Figure 7](#F7){ref-type="fig"}). We suggest that since the single syncytiotrophoblast that covers the entire placenta cannot die without causing pregnancy loss this unique cell uses components of programmed death pathways to increase the export of micro-EVs that contain proteins/molecules that if retained would threaten the survival of this enormous multinucleated cell.

![Proposed mechanisms of antiphospholipid antibodies on production of toxic placental EVs\
Cartoon demonstrating that antiphospholipid antibodies are internalized into the syncytiotrophoblast, bind to mitochondria (Mito) and intracellular vesicles (IVs) inducing endoplasmic reticulum stress, TNF-α secretion, and caspase 8 activation. This establishes a feed-forward cycle involving caspase 8, TNF-α and endoplasmic reticulum stress. These actions lead to the syncytiotrophoblast exporting dangerous misfolded proteins and MLKL in both micro-EVs and nano-EVs.](cs-134-cs20191245-g7){#F7}

Clinical perspectives {#sec6}
=====================

-   Antiphospholipid antibodies are one of the main maternal factors for developing pregnancy complications.

-   Although we have previously reported that antiphospholipid antibodies are internalized into the syncytiotrophoblast resulting in the production of toxic EVs, which then induce maternal endothelial cell activation, the underlying mechanism of production of toxic EVs is unclear.

-   Endoplasmic reticulum stress is associated with placental dysfunction which is seen in preeclampsia.

-   In the present study, we found that antiphospholipid antibodies induced endoplasmic reticulum stress and secretion of TNF-α in the syncytiotrophoblast and caspase 8 was involved in endoplasmic reticulum stress. Our study suggests a potential mechanism of antiphospholipid antibodies being a maternal risk factor for developing preeclampsia.
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